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Abstract. We study the spin-resolved transport through single-level quantum 
dots strongly coupled to ferromagnetic leads in the Kondo regime, with a focus 
on contact and material asymmetry-related effects. By using the numerical 
renormalization group method, we analyze the dependence of relevant spectral 
functions, linear conductance and tunnel magnetoresistance on the system 
asymmetry parameters. In the parallel magnetic configuration of the device 
the Kondo effect is generally suppressed due to the presence of exchange field, 
irrespective of system's asymmetry. In the antiparallel configuration, on the other 
hand, the Kondo effect can develop if the system is symmetric. We show that even 
relatively weak asymmetry may lead to the suppression of the Kondo resonance in 
the antiparallel configuration and thus give rise to nontrivial behavior of the tunnel 
magnetoresistance. In addition, by using the second-order perturbation theory we 
derive general formulas for the exchange field in both magnetic configurations of 
the system. 
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1. Introduction 

Transport properties of nanoscopic objects, such as quantum dots or molecules, tunnel- 
coupled to external leads have attracted a lot of attention from both theoretical 
as well as experimental sides [U El |3l HI [5l [6]. This is mainly due to possible 
applications in nanoelectronics and spintronics, and due to a unique possibility to 
study various many-body correlation effects between single charges and spins. When 
the coupling between the quantum dot and external leads is relatively strong, the 
electronic correlations may lead to the Kondo effect if the dot's occupation number 
is odd [II m El [in]- For quantum dots coupled to ferromagnetic leads, on the 
other hand, it was shown that the Kondo resonance can be suppressed due to the 
presence of an effective exchange field, A^exch, that leads to the spin splitting of the 
quantum dot level [IIl[ia[l3l[14l[15l[l6l[ni[l8l^ This suppression occurs if 
the magnetic moments of external leads form a parallel (P) magnetic configuration 
and when |A£g^^j^| > Tx, where Tk is the Kondo temperature and Ae^^^j^ denotes 
the level splitting due to exchange field in the parallel configuration [15]. For an 
antiparallel magnetic configuration of the device, the exchange field was found to 
vanish, A^^^j^ 0, since the effective coupling to external leads becomes then spin- 
independent [121 131 ISl [20]. This is however true only for fully symmetric systems, 
while, as we show in this paper, for systems exhibiting some asymmetry, either the 
left-right contact asymmetry or the material's asymmetry, the exchange field may also 
develop in the antiparallel configuration. Since experimentally it is very difficult to 
build a truly symmetric device, it seems desirable to analyze the effects of contact and 
material's asymmetry on spin-resolved transport properties of quantum dots. 

In the present paper we thus thoroughly study transport through quantum dots 
coupled to ferromagnetic leads in the Kondo regime, focusing especially on asymmetry- 
induced effects. To obtain the correct picture, we employ the Wilson's numerical 
renomalization group (NRG) method [211 [221 [23] with the idea of a full density- 
matrix (fDM) [24] . By using NRG, we calculate the dependence of relevant spin- 
resolved spectral functions, the linear conductance in the parallel and antiparallel 
configurations, and the tunnel magnetoresistance (TMR) on the asymmetry between 
the couplings to the left and right leads and for different spin polarizations of the 
electrodes. We show that even relatively small asymmetry may fully suppress the 
Kondo resonance in the antiparallel configuration, leading to nontrivial dependence of 
the TMR effect on the asymmetry parameters. We also show that although asymmetry 
generally destroys the Kondo effect in the antiparallel configuration, there is a range 
of asymmetry parameters, when the Kondo resonance can be restored. In addition, 
by using the second-order perturbation theory, we derive general formulas for the 
exchange field in both magnetic configurations depending on asymmetry parameters. 

2. Theoretical description 

The system consists of two ferromagnetic leads coupled to a single-level quantum 
dot, see Fig. [H The magnetizations of the leads are assumed to be collinear and 
they can form two magnetic configurations: the parallel (P) and antiparallel (AP) 
ones. Switching between different magnetic configurations of the device can be 
obtained by sweeping the hysteresis loop, provided the left and right ferromagnets 
have different coercive fields. The system considered can be described by the single- 
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Figure 1. (Color online) The schematic of a single-level quantum dot coupled 
to the left and right ferromagnetic electrodes. The magnetizations of electrodes 
are assumed to be collinear and they can form either parallel (P) or antiparallel 
(AP) magnetic configuration, as indicated in the figure. The dot is coupled to the 
left and right lead with the coupling strength Fro- (r = L, R). The dot level has 
energy €d and U denotes Coulomb correlation on the dot. 



impurity Anderson Hamiltonian 



J2 I] (^rk^aJk^da + /i.e.) , (1) 



r=L,R kcr 



where al^^ creates an electron with spin a momentum k and energy Sri^a in the 
left (r = L) or right (r = R) lead. The energy of the dot level is denoted hy U 
describes the Coulomb interaction of two electrons residing on the dot, and Ua- = d^^da- 
is the particle number operator, with dj. creating a spin-cr electron on the dot. The 
last term of the Hamiltonian ([1]) describes tunneling processes between the dot and 
the ferromagnetic electrodes, with T/^ka being the relevant hopping matrix elements. 
Due to the coupling to external leads, the dot level acquires certain width, which is 
described by the spin-dependent hybridization function, F^^r = ^rpV^^, for lead r and 
spin a. Here, p is the density of states at the Fermi level and we assumed that Frkcr is 
independent of momentum k [12] [13] . The conduction bands of the leads are assumed 
to be energy and spin independent, p = 1/(2FF), where VF = 1 is used as energy unit. 
These assumptions are justifiable since we are interested in the Kondo regime which is 
mainly related with the conduction electron states around the Fermi energy. Next, by 
introducing the spin polarization of lead r, Pr = (F^^ — F^|)/(F^^ + F^|), the couplings 
can be expressed as, F^^r = (1 + crpr)Fr, with F^ = (F^^ + F^|)/2. Here, F^^r denotes 
the coupling to the spin-majority (a or spin-minority (<j =|) conduction band of 
the ferromagnetic lead r. For convenience, we have incorporated the effect of leads' 
ferromagnetism into the spin-dependent tunnel matrix elements. This assumption is 
commonly used in NRG calculations [121 EO] • 

The asymmetry induced effects to be studied in the present paper will include 
the left-right contact asymmetry, Tl ^ F^^, and the material asymmetry, i.e. different 
spin polarizations of the leads, Pl 7^ Pr- In particular, we will study how the linear 
response transport properties depend on the parameters of the system, especially on 
the couplings' ratio Tr/Tl and spin polarizations' ratio Pr/pl- The linear-response 
spin-dependent conductance of the system can be found from the Meir-Wingreen 
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formula [25], 

S2 ^TLa^Ra r ( dfiu) 



jdu; ^-^yAAu.) , (2) 



where f{uj) denotes the Fermi function and Afj{uj) is the spectral function of dot level. 
The spectral function is given by Acr(cj) = — :^^m G^(cj), where G^{uj) is the Fourier 
transform of the retarded d-level Green's function, G^{t) = —iO{t){{da{t)^d^^{0)}). 

Another quantity of interest is the tunnel magnetoresistance (TMR), which 
describes the change in spin-dependent transport properties when the magnetic 
configuration of the device is varied. The TMR is defined as [26], 

TMR= , (3) 

where G^^^^ is the total linear conductance in the P/AP magnetic configuration. In 
addition, we will also study the spin filtering properties of the system, which can be 
related to the spin polarization of the linear conductance, 

^P/AP _ ^P/AP 

-pP/AP = Zl (A) 

' r^P/AP , ^P/AP ' 

where pP/AP denotes the spin polarization in the parallel or antiparallel magnetic 
configuration of the device. 

For the single-impurity Anderson model, it is very convenient to perform an 
orthogonal transformation from the left-right basis into an even-odd basis, where only 
the even linear combination of the lead operators couples to the dot, while the odd 
combination is completely decoupled. The new effective spin-resolved couplings for 
the parallel and antiparallel configuration can be then expressed as 

rP/AP = r(i + ap/?P/^p), (5) 

where p denotes the average spin polarization p = {pl Pr)/'^ and F = F/, + F^^, 
while the parameter is given by 

(Fl + Fi^)(pL ^Pr) 

oAP ^ (^L - Tr) (JPL -Pr) 

^ {Tl^Tr)^ {pl^PrY 
From the above formula follows that the couplings are generally different for each 
spin direction, F^^^^ ^ F^^^^, which results in different level renormalization for 
spin-up and spin-down. This difference leads to an effective spin-splitting of the dot 
level, known as contact-induced exchange field, ^s^l^ [121 [131 [14] . the parallel 
configuration, F^ ^ F^, and consequently, Ae^^^^ ^ 0, once the spin polarization 
is finite, > 0, for any value of left-right contact asymmetry. In the antiparallel 
configuration, on the other hand, the exchange field can occur, Ae^^j^ ^ 0, provided 
there is an asymmetry in the system, so that F^^ ^ T^^. The asymmetry can be 
either related to the contacts, ^ Tr^ or to the material, pl Pr- Moreover, it 
turns out that even in the presence of asymmetry, in the antiparallel configuration 
there is a parameter range where the exchange field can still vanish, which happens 
for = 0. This occurs precisely when the following condition is met 

- ^R ^ PL - PR 
FL+Fi^ ~ PL^PR ' 
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The spin-dependence of the effective couphngs gives rise to the exchange field 
A^exch, which can be found analyticahy by calculating second-order corrections dsda 
to the energy of quantum dot levels, A^exch = ^^dt ~ ^^di- At low temperature, one 
then gets for the parallel and antiparallel magnetic configurations 

2 

-/ 

TT 



(9) 



There are actually two factors that determine the strength of the exchange field: the 
first one, ~ \n.\ed/ {sd ^ U)\^ is related to the gate voltage, which can be used to 

P /AP 

change position of the dot level. This factor leads to the cancelation of ^s^^^^i 
particle-hole symmetry point of the model, i.e. Sd = irrespective of magnetic 

configuration and asymmetry. The second factor, ~ on the other hand, is 

associated with asymmetry in the system and depends on magnetic configuration, see 
Eqs.([6|)-([7]). It may either increase or suppress the exchange field, depending on the 
magnetic configuration and parameters of the model. 

As can be seen from Eq. (j2j) , the main quantity to be calculated is the spin-resolved 
spectral function of the dot-level. This is performed with the aid of the numerical 
renormalization group method with full density matrix (fDM-NRG). This method, 
known as the most powerful and versatile to study various quantum impurity problems, 
allows us to determine the dependence of the spectral function on parameters of 
the system in most accurate and reliable way. The starting point for the NRG is 
logarithmic discretization of the conduction band of the leads and mapping of the 
initial Hamiltonian to the Hamiltonian of a tight-binding chain with exponentially 
decaying hoppings, the so-call Wilson chain [21]. The chain Hamiltonian is then solved 
in an iterative manner and its discarded eigenstates are used for the construction of a 
full density matrix [24], which enables the calculation of relevant static and dynamic 
quantities at arbitrary temperature. In our calculations we have in particular employed 
the flexible density-matrix numerical renormalization group code [27] . In calculations 
we kept 1024 states at each iteration and used the Abelian symmetries for the total 
spin zth component and the total charge. 



3. Results and discussion 



In the following we present and discuss the numerical results on the linear conductance 
and spin polarization of the current in both magnetic configurations as well as the 
resulting TMR effect. First, we analyze the effects related with the contact asymmetry, 
Tl 7^ Ti?, and then the effects due to different spin polarizations of the left and 
right lead, pl Pr^ are discussed. Finally, we present the general case when both 
asymmetries are present. 



3.1. Effects of left-right contact asymmetry, ^ Tji 

By changing the ratio Tr/Tl one changes both the magnitude of exchange field 
as well as the Kondo temperature. However, the dependence of both quantities 
on the strength of coupling F = F^ + F^^ is different: while lA^exchl ^ F, 
the Kondo temperature Tk depends on F in an exponential way [28l [29], Tk = 
^/U^/2 exp [7red{£d + U)/{2Ur)] (for pjr^ = pj^ = 0). Tuning the contact asymmetry 
ratio will thus change the ratio |A£exch|/^K, which conditions the occurrence of the 
Kondo effect, as discussed and presented in the following. 
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Figure 2. (Color online) The zero-temperature linear conductance in the parallel 
(a) and antiparallel (b) magnetic configuration and the resulting TMR (c) as a 
function of the level position Sd/U and the left-right couplings ratio Vji/Vl. The 
parameters are: U = 0.12W, Tl = 0.005W and = pji = 0.4, with = 1 the 
band halfwidth. 



Figure [2] shows the hnear conductance in the parahel and antiparahel 
configuration, as well as the resulting TMR effect as a function of the couplings' ratio 
Tr/Tl and the level position Sd/U. Experimentally, the position of the dot level can 
be changed by tuning the gate voltage. When Tr/Tl = 0, the dot is coupled only to 
a single (left) lead and the conductance through the system is obviously equal to zero. 
With increasing the coupling to the right lead, the linear conductance becomes finite 
and exhibits a strong dependence on the level position. In the elastic cotunneling 
regime, i.e. for e^/F or {sd -\- U)/T <C 0, the conductance in the parallel 
configuration is ~ (1 -\- PlPr)^l^r^ while for the antiparallel configuration one 
gets, - (1 - PLPR)rLrR, yielding TMR = 2plPr/{1 - PlPr) MM. which for 
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Figure 3. (Color online) The spin-resolved linear conductance in the parallel 
(a,b) and antiparallel (d,e) magnetic configuration for the spin-up (a,d) and spin- 
down (b,e) channels, and spin polarization of the current in the parallel (c) and 
antiparallel (f) configuration as a function of Sd/U and Vpi/VL. The parameters 
are the same as in Fig. [21 



parameters assumed in Fig.[2]gives, TMR ^ 0.38. Note that this value is independent 
of the couphngs asymmetry, provided the current is mediated by elastic cotunneling 
events. 

In the Coulomb blockade regime, on the other hand, the situation is more complex, 
since the dot is singly occupied and the electronic correlations may lead to the Kondo 
effect. Moreover, the occurrence of the Kondo effect is conditioned by the ratio of 
the Kondo temperature and the exchange field induced splitting. In the parallel 
configuration, the exchange field is always present, irrespective of Vr/Vl^ and the 
Kondo resonance is suppressed, except for the particle-hole symmetry point, £d = 
—U/2. By moving away from this point, the conductance drops once |A£g^^j^| > Tk- 
Since Tk depends on the coupling strength F, increasing Th/Tl raises the Kondo 
temperature, which leads to larger width of the Kondo peak in the middle of the 
Coulomb blockade regime, see Fig.[2fa). In the antiparallel configuration, the exchange 
field vanishes if the system is symmetric, and there is a broad Kondo resonance in the 
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whole local moment regime, see Fig.[2fb) for Tr/Tl ^ 1. Nevertheless, liVn/TL 7^ 1, 
the Kondo effect becomes suppressed when |A£^^^| > Tk- This happens faster for 
^r/^l < 1 than for Tji/Tl > 1, since for smaller coupling T the Kondo temperature 
is lower and the above condition can be fulfilled for relatively small asymmetries of the 
couplings. As already mentioned, for the particle-hole symmetry point the exchange 
field vanishes in both magnetic configurations, see Eq. (j9j), the zero-temperature 
conductance is then just given by, G^/^^ = e'^ / 4T l^^T / {T La + ^Ra)'^^ with 
the couplings correspondingly dependent on magnetic configuration of the device. 
For symmetric couplings, Tr/Tl = 1, both and G^^ reach the maximum, with 
G^ = 2e^/h and G^^ = (1 — PlPr)'^^'^ /h. The respective behavior of conductance 
in both magnetic configurations leads to the corresponding dependence of the TMR, 
which is shown in Fig. [2fc). Generally, the TMR is negative in the whole blockade 
regime, except for the particle- hole symmetry point, which is associated with the fact 
that lAe^^^^l > lAe^^^^l, and consequently G^ < G^^ . Only for Sd = -U/2, when the 
exchange field is suppressed, one finds a typical spin-valve effect with positive tunnel 
magnetoresistance. Thus, tuning the position of the dot level and the asymmetry 
factors, one can obtain a device with desired magnetoresistive properties. 

Another quantity describing the spin-resolved transport properties of the system, 
interesting from an application point of view, is the spin polarization T^p/^p Qf 
current flowing through the device, which is shown in Figs, ^c) and (f) for both 
magnetic configurations. The behavior of spin polarization can be understood from 
the spin-resolved conductance. In the parallel magnetic configuration the coupling 
of the spin-up level is much stronger than the coupling of the spin-down level, since 
spin-up electrons belong to the spin-majority band. As a consequence, the spin-up 
channel gives the main contribution to the conductance, see Figs. [3l^a) and (b). The 
difference between G^ and Gj is most visible around the resonances, Sd ^ and 
Ed ^ — where the spin polarization takes large positive values, approaching 
unity for Tr/Tl <C 1. This is contrary to the region around the particle- hole 
symmetry point where G^ ^ G^ and the spin polarization is suppressed, ^ 0. In 
the antiparallel configuration the situation is slightly more complex, since the spin- 
resolved couplings depend greatly on the system's asymmetry, see Eq. (j5j). For equal 
spin polarizations of the leads, pl = Pr, as assumed in Fig. [3l one finds the effective 
couplings, F^P = F + ap{TL - Tr). In consequence, the spin-resolved couplings fulfill 
the following relations, F^^ > F^^ for Tr/Tl < 1, and F^^ < F^^ for Tr/Tl > 1, 
with F^P = F^P for the symmetric case, F^ = F^^. This gives rise to the corresponding 
behavior of the spin polarization: V^^ § for Tr/Tl § I, and V^^ ^ for 
^r/^l ^ 1- In the region around Ed = where the effective field vanishes, 

the behavior of V^^ is however different. The spin-dependent conductances are then 
given by, G^^ = 4e^//i (1 - p'^)TlTr/[T + (Jp{Tl — Ei?)]^, which yields negative spin 
polarization V^^ < for Fi^/F^ < 1, and positive spin polarization V^^ > for 
^r/^l > 1- Note that this is just opposite to the case when the exchange field is 
present, i.e. Ed 7^ —U/2. The above analysis clearly demonstrates that by properly 
engineering the couplings between the dot end electrodes, and by tuning the occupancy 
of the dot with the gate voltage, one can obtain desired spin polarizations of the flowing 
current, spanning almost the whole range from —1 to 1. 

From an experimental point of view, it may be important to know how large 
the asymmetry should be to suppress the Kondo resonance in the antiparallel 
configuration. To address this question, in Fig. |4] we plot the linear conductance 
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Figure 4. (Color online) The linear conductance in the antiparallel configuration 
as a function of left-right contact asymmetry Vpi/Vl for different values of the 
coupling to the left lead Vl for pl = Pr = 0.4. Each line corresponds to different 
value of Fx,, increasing in the direction indicated by the arrow from Fl = 0.0025VK 
to Tl = 0.0075W" in step of 0.0005M/". The thick black line corresponds to 
r^, = 0.005VK, value used in previous figures. The parameters are the same 
as in Fig. E] with £d = -U/3. 

as a function of Th/Tl for different values of the coupling Tl. Since Tk depends 
exponentially on F, changing Tl corresponds to a huge change in the Kondo 
temperature (note that Tk also depends on Tr/Tl)- On the other hand, the 
dependence of the exchange field on and the ratio Tr/Tl is only algebraic. It can 
be seen that with lowering F^,, the suppression of the Kondo effect occurs for smaller 
asymmetries, e.g. for very weak coupling even relatively small asymmetry between 
the left-right contacts can fully suppress the linear conductance in the antiparallel 
configuration. Proper and very careful implementation of a quantum dot /molecular 
device is therefore necessery in order to observe desired effects, such as e.g. restoration 
of the Kondo effect when switching the magnetic configuration from parallel into 
antiparallel one [T5] . 

3.2. Effects of different spin polarizations of the leads, Pl ^ Pr 

Up to now we have focused on the asymmetry related to the left-right contacts, 
however, the asymmetry can be also present if the electrodes have different spin 
polarizations, pl Pr- The corresponding transport characteristics are shown in 
Fig. [5] for equal couplings Tl = Tr and different spin polarization ratio Pr/pl^ 
with Pl = 0.4. The maximum value, Pr/pl = 2.5, corresponds then to fully spin- 
polarized right lead, while Pr/pl = corresponds to nonmagnetic right electrode. 
Now, by changing pr/pl^ one can tune the magnitude of the exchange field, while 
the relevant Kondo temperature is constant. Generally, with increasing the ratio 
Pr/Pl^ the average spin polarization increases, and so does the exchange field. This 
intuitive behavior is however only valid for the parallel magnetic configuration and is 
nicely visible in Fig. [5fa). It can be seen that displays a Kondo resonance at the 
particle- hole symmetry point, whose width decreases with increasing strength of the 
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Figure 5. (Color online) The conductance in the parallel (a) and antiparallel 
(b) configuration and the resulting TMR (c) as a function of £d/U and the leads' 
spin polarization ratio pr/pl- The parameters are the same as in Fig. [2] with 
Tl = Vr = 0.0051^ and pL = 0.4. 



exchange field, i.e. with increasing the ratio Pr/pl- In the antiparallel configuration, 
on the other hand, the exchange field is a nonmonotonic function of Pr/pl- it is 
maximum for Pr = 0, vanishes for = PL-, and again reaches local maximum for 
Pr = 1. Consequently, G^^ displays the Kondo effect in the whole Coulomb blockade 
regime when pL ^ Pr^ which becomes then suppressed with changing the materials' 
asymmetry ratio from the point pr/pl = 1, see Fig. [5{b). Moreover, it can be seen 
that the Kondo resonance around Ed = —U/2 is now broader than in the case of 
parallel configuration since generally, |A£g^^j^| > |A£^^j^|. The different dependence 
of and G^^ on the spin polarization ratio Pr/pl refiects itself in a nontrivial 
behavior of the TMR effect, see Fig. [5fc). The TMR is positive in the whole elastic 
cotunnehng regime and given by the Julliere value, while it takes large negative values 
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Figure 6. (Color online) The spin polarization of the current in the parallel (a) 
and antiparallel (b) magnetic configuration as a function of Cd/U and Pr/pl foi" 
parameters as in Fig. [S] 

in the local moment regime for pr/pl ^ 1 when TMR —1, and becomes again 
positive in the middle of the Coulomb blockade regime. 

The spin polarization of the conductance in both magnetic configurations as a 
function of level position and the leads' spin polarization ratio Pr/pl is shown in 
Fig. [6l In the parallel configuration, the dependence of is quite intuitive: the 
spin polarization increases with raising the average spin polarization p, i.e. increasing 
Pr/PLi and reaches unity for pr ^ 1^ since then the right electrode supports only spin- 
up electrons. Finite spin polarization is mainly due to the presence of exchange field. 
Consequently, in the middle of the Coulomb blockade valley the spin polarization 
is suppressed, because Ae^^^^^ ^0. In the antiparallel configuration, the spin 
polarization changes sign with increasing the ratio Pr/pl- When, pl > Pr-, there 
are more spin-up tunneling processes than spin-down ones and the spin polarization 
is positive, while for < PRi the sign of T^^^h determined by the majority band 
of the right lead (spin-down electrons), therefore T^^^h ^ 0' reaching —1 for 1. 
On the other hand, once pr ^ Pl-, the spin polarization vanishes since the resultant 
couplings to spin subbands are comparable. 
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Figure 7. (Color online) The linear conductance in the antiparallel configuration 
as a function of left-right contact asymmetry Tji/Vl and the leads' spin 
polarization asymmetry pr/pl- The parameters are the same as in Fig. [2] with 
£(i = — ?7/3. The dashed line corresponds to parameters for which the condition 
(O is met. 

3.3. Effects of both contact and material asymmetry, Tl ^ Tn and pl Pr 

From our discussion follows that asymmetry can destroy the Kondo resonance in 
the antiparallel configuration if lAe^^^^l > Tk- However, it turns out that even 
if there is an asymmetry in the system, either related to the contacts or to the 
material, there is a parameter range when the exchange field can still vanish in the 
antiparallel configuration. This happens precisely when the condition (|8|) is met, 
so that = r^^. Figure [3 shows the dependence of the linear conductance 

in the antiparallel magnetic configuration as a function of the relevant asymmetry 
parameters, i.e. pr/pl and Tr/Tl^ for ed = —U/3. Away from the particle-hole 
symmetry point, Sd 7^ the presence and the strength of the exchange field are 

conditioned by the system's asymmetry parameters, see Eq. ([9]). For pr/pl 0, 
the conductance G^^ behaves similarly as that for the parallel configuration, since 
then trivially there is only one magnetic electrode. The conductance is then generally 
suppressed and starts increasing only for Tr/Tl > 1, when the Kondo temperature 
increases, so that the condition |A£^^j^| > Tk is only weakly met or even not met. 
For pr/pl > 0, the case becomes much more interesting, since for certain asymmetry 
parameters one finds an increased conductance due to the Kondo effect. This happens 
when the condition (|8|) is satisfied, as presented by a dashed line in Fig. [71 The 
exchange field increases then as one moves away from this line. The width of the 
restored Kondo resonance increases with increasing Tr/Tl, since a larger asymmetry 
is then needed to suppress the Kondo effect, which happens for |A£^^j^| > Tk- 

4. Conclusions 

In this paper we have studied the Kondo effect in quantum dots asymmetrically 
coupled to ferromagnetic leads. The calculations were performed with the aid of 
the numerical renormalization group method. In particular, we have determined 
the dependence of the linear conductance in different magnetic configurations of 
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the device, the TMR and current spin polarization on the contacts' and material's 
asymmetry parameters. For quantum dots symmetrically coupled to external leads, 
the conductance in the parallel configuration is suppressed due to the presence of 
exchange field, while in the antiparallel configuration the exchange field is absent. 
On the other hand, when the dot is coupled asymmetrically to the leads, we have 
shown that the exchange field can also develop in the antiparallel configuration. If 
the magnitude of exchange field induced level splitting is larger than the Kondo 
temperature, the Kondo effect becomes suppressed, which may happen even for 
relatively small asymmetry between the couplings to the left and right lead. This 
leads to a nontrivial dependence of the tunnel magnetoresistance on the asymmetry 
parameters. In addition, we have demonstrated that even if the system is asymmetric, 
there is a range of parameters in the antiparallel configuration where the exchange field 
can still vanish. We have also derived approximate analytical formulas for the exchange 
field in both magnetic configurations depending on the asymmetry parameters. 

Concluding, the presented analysis shows that by properly tuning the parameters 
of the system, one can in principle construct a magnetoresistive device of desired 
properties, including a source of spin polarized electrons with basically any designed 
spin polarization. Moreover, a very careful fabrication of a sample seems inevitable, if 
one wants to observe the suppression and restoration of the Kondo effect by changing 
the magnetic configuration of the device. 

Acknowledgments 

This work was supported by the Polish Ministry of Science and Higher Education 
through a research project No. N N202 199739 in years 2010-2013 and a 'Inventus 
Plus' project No. IP2011 059471 in years 2012-2014. I.W. also acknowledges support 
from the EU grant No. CIG-303 689 and the Alexander von Humboldt Foundation. 

References 

[1] Semiconductor Spintronics and Quantum Computation, ed. by D.D. Awschalom, D. Loss, and 

N. Samarth (Springer, Berlin 2002). 
[2] Zutic I, Fabian J and Das Sarma S 2004 Rev. Mod. Phys. 76 323 
[3] S. Maekawa, Concepts in Spin Electronics (Oxford University Press, 2006). 
[4] Seneor P, Bernand-Mantel A and Petroff F 2007 J. Phys. Condens. Matter 19 165222 
[5] Barnas J and Weymann I 2008 J. Phys.: Condens. Matter 20 423202 
[6] Bader S D and Parkin S S P 2010 Annu. Rev. Condens. Matter Phys. 1 71 
[7] Kondo J 1964 Prog. Theor. Phys. 32 37 

[8] A. C. Hewson, The Kondo Problem to Heavy Fermions (Cambridge University Press, Cambridge, 
1993). 

[9] Goldhaber-Gordon D, Shtrikman H, Mahalu D, Abusch-Magder D, Meirav U and Kastner M A 

1998 Nature (London) 391 156 
[10] Cronenwett S, Oosterkamp T H and Kouwenhoven L P 1998 Science 281 182 
[11] Martinek J, Utsumi Y, Imamura H, Barnas J, Maekawa S, Konig J and Schon G 2003 Phys. 

Rev. Lett. 91 127203 

[12] Martinek J, Sindel M, Borda L, Barnas J, Konig J, Schon G and von Delft J 2003 Phys. Rev. 
Lett. 91 247202 

[13] Choi M-S, Sanchez D and Lopez R 2004 Phys. Rev. Lett. 92 056601 

[14] Martinek J, Sindel M, Borda L, Barnas J, Bulla R, Konig J, Schon G, Maekawa S von Delft J 

2005 Phys. Rev. B 72 121302 
[15] Pasupathy A N, Bialczak R C, Martinek J, Grose J E, Donev L A K, McEuen P L and Ralph 

D C 2004 Science 306 86 
[16] Heersche H B, de Groot Z, Folk J A, Kouwenhoven L P, van der Zant H S, Houck A A, 

Labaziewicz J and Chuang I L 2006 Phys. Rev. Lett. 96 017205 



Asymmetry-induced effects in Kondo quantum dots with FM leads 



14 



[17] Hamaya K, Kitabatake M, Shibata K, Jung M, Kawamura M, Ishida S, Taniyama T, Hirakawa 

K, Arakawa Y and Machida T 2008 Phys. Rev. B 77 081302(R) 
[18] Hauptmann J, Paaske J and Lindelof P 2008 Nature Phys. 4 373 

[19] Gaass M, Hiittel A K, Kang K, Weymann I, von Delft J and Strunk Ch 2011 Phys. Rev. Lett. 
107 176808 

[20] Weymann I 2011 Phys. Rev. B 83 113306 
[21] Wilson K G 1975 Rev. Mod. Phys. 47 773 

[22] Krishna-Murphy H R, Wilkins J W and Wilson K G 1980 Phys. Rev. B 21 1003; Krishna-Murphy 

H R, Wilkins J W and Wilson K G 1980 Phys. Rev. B 21 1044 
[23] Bulla R, Costi T A and Pruschke T 2008 Rev. Mod. Phys. 80 395 
[24] Weichselbaum A and von Delft J 2007 Phys. Rev. Lett. 99 076402 
[25] Meir Y and Wingreen N S 1992 Phys. Rev. Lett. 68 2512 
[26] Julliere M 1975 Phys. Lett. A 54 225 

[27] We used the open-access Budapest Flexible DM-NRG code, |htt p : / / www . phy. bme . hu / dmnrg / ] 

0. Legeza, C. P. Moca, A. I. Toth, I. Weymann, G. Zarand. ^a rXiv:0809.3143 ' (20081 
(unpublished). 

[28] Haldane F D M 1978 Phys. Rev. Lett. 40 416 

[29] Costi T A, Hewson A C and Zlatic V 1994 J. Phys.: Condens. Matter 6 2519 

[30] Weymann I, Konig J, Martinek J, Barnas J and Schon G 2005 Phys. Rev. B 72 115334; Weymann 

1, Barnas J, Konig J, Martinek J and Schon G 2005 Phys. Rev. B 72 113301 



